The dispersal and colonization of Korshikoviella gracilipes (Lambert) Silva on Daphnia pulicaria Forbes collected from a small high mountain lake in southern Spain were investigated in a series of laboratory experiments. Results of these laboratory experiments were related to previous field data. Massive release and detachment of zoospores, which is the dispersal stage of the epibiont, occurred just before molting. A lower number of zoospores was dispersed from the discarded molts and a scant number dispersed during the intermolt period. Release of cysts, which is the overwintering stage of the epibiont, mainly occurred immediately after the molt was discarded. The production of dispersal forms (zoospores and cysts) shows precise temporal synchronization with the molting process in Daphnia. The colonization of uninfected individuals from infected molts and from infected individuals was rapid. Our results suggest that colonization of field animals in this lake is efficient and is facilitated by the coincident aggregates of substrate and epibiont.
Epibionts are common on crustacean species in the zooplankton (Threlkeld et al. 1993, Carman and Dobbs 1997) . Epibionts have a dispersal stage for dispersal and colonization and an attached stage for reproduction. Because crustacean zooplankton molt regularly, the attached stages of the epibiont are limited to the duration of the crustacean intermolt period. When molting occurs, epibionts must disperse and find a new substrate to recolonize. Dispersal and colonization are therefore decisive events in the life history of epibionts. The epibiont persistence on periodically renewed and dispersed substrates depends on an efficient mechanism for the dispersion, growth, and colonization of their substrate . Indeed, these epibionts might be considered as typical colonizer species, which are expected to show high rates of growth, colonization, and dispersal.
Korshikoviella gracilipes is a green epizoic alga that regularly attaches to zooplankton of Río Seco Lake, a small high mountain lake in Sierra Nevada (southern Spain). Previous studies showed that the epibiont life history is exclusively completed on Daphnia pulicaria and that this taxon is the preferred substrate for the epibiont (Sánchez-Castillo 1987 , Barea-Arco et al. 2001 . Epibiont and Daphnia densities show a positive temporal relationship. Moreover, aggregations of the dispersal stage of the epibiont coincide spatially with those of Daphnia in the lake. Active grazing of Daphnia on the epibiont dispersal stage was also demonstrated in laboratory experiments.
The K. gracilipes population appears to be very successful on D. pulicaria. Thus, we were interested in how epibionts disperse from and colonize D. pulicaria individuals. This study presents the results of a series of experiments that analyze epibiont dispersal and colonization by K. gracilipes on D. pulicaria. We analyzed the epibiont dispersal from infected animals before and during the molt period and from discarded molts. The colonization of an uninfected substrate organism from infected individuals and from infected molts also was examined. Results of these laboratory experiments were related to previously gathered field data (Barea-Arco et al. 2001 ).
materials and methods
Study site. Río Seco is a small (1920 m 2 ), oligomesotrophic, shallow (lake maximum depth, 2.90 m) lake of glacial origin, located at 3040 m above sea level in the Sierra Nevada mountains (southern Spain). The lake is ice covered from around October-November until June-July. The lake is without fish and presents total Secchi disk visibility during the ice-free period.
The plankton community of the lake is extremely simple. The phytoplankton community consists of about 10 nanoplanktonic species, and the dominant species are Chromulina nevadensis P. Sánchez , Ochromonas sp., Dictyosphaerium chlorelloides (Naum.) Komárek et Perman, and the zoospores of the epizoan chlorophyte K. gracilipes. The dominant zooplanktonic species are the calanoid Mixodiaptomus laciniatus Lilljeborg and the cladoceran Daphnia pulicaria.
Korshikoviella gracilipes life history. Korshikoviella gracilipes has a complex life history (Sánchez-Castillo 1987) . The asexual life history of K. gracilipes is comprised of five different stages: zoospore, chlorangioid, ankyroid, adult, and cyst.
The zoospores are biflagellate cells (length, 7.9 Ϯ 1.3 m [mean Ϯ SD]; width, 3.9 Ϯ 0.8 m; biovolume, 69.0 Ϯ 37.3 m 3 , n ϭ 1495) living as free-swimming planktonic organisms. The zoospore stage is the dispersal stage of the epibiont life history. Once a zoospore encounters a substrate organism, it attaches by the apical region. This unicellular attached stage is the chlorangioid. Chlorangioids then develop into ankyroids by a transverse division and cell elongation. Ankyroids are, therefore, bicellular organisms (length, 26.1 Ϯ 3.0 m; width, 4.0 Ϯ 0.6 m; n ϭ 306) with the appearance of Ankyra spp. cells, which reach the adult stage by elongation through transverse divisions. The adult stage (length, 141 Ϯ 65 m; width, 10.1 Ϯ 2.9 m; biovolume, 14,447 m 3 , n ϭ 543) is the primary reproductive phase of the K. gracilipes life history. Each cell of the adult organism is able to produce zoospores by mitotic division. Under certain conditions, the adults produce cysts with resistant walls that probably overwinter on the lake bottom.
The chlorangioid stage was found attached to all the zooplankton species in the lake, although mainly on M. laciniatus and D. pulicaria. However, the ankyroid and adult stages were found almost exclusively on the legs of D. pulicaria , so that K. gracilipes only completes its life history on D. pulicaria.
Field substrate prevalence and density. Plankton was collected at five points in Río Seco Lake from July through November in both 1996 and 1997. The lake area was divided into five zones of about same size, and one sample was collected at a random point within each one. Zooplankton (10 L) were collected from a homogenized volume of water pumped up (centrifugal electric pump) from the 0.5 m above the bottom at each sampling point and filtered through a 40-m mesh and immediately fixed with 4% sucrose formalin for analyses. Zooplankton individuals were identified according to species and development stage and counted under a Leitz inverted microscope (Leitz, Wetzlar, Germany). Daphnia pulicaria individuals were examined for K. gracilipes epibionts at each sampling point on each sampling day, for a total of 59 samples in 1996 and 75 samples in 1997. All daphnids in samples with less than 100 individuals were examined for epibionts. In larger samples, we randomly selected and analyzed at least 100 daphnid individuals. A total of 991 and 4129 daphnid individuals were examined for epibionts in 1996 and 1997, respectively. Epibiont prevalence, defined as the percentage of zooplankton individuals with epibionts (Willey et al. 1990 ), was calculated on each sample. Mean daily prevalence was estimated as the mean value of the five sampling points.
Daphnia pulicaria daily prevalence and density relationship was fitted to a Michaelis-Menten curvilinear model ( y ϭ ( y max ؒ x ) / (parameter ϩ x ), where y is the mean daily prevalence, y max is 100% prevalence, and x is the mean daily density of Daphnia ). Piece-wise linear regression was then applied to show the breakpoint of the relationship.
Microscope observations. In vivo observations of infected D. pulicaria and infected discarded molts were made in an optical microscope through the sampling period from 1996 to 1999.
Dispersal experiments. The aim of the experiments was to examine the time of dispersal and number of zoospores and cysts dispersed from infected Daphnia individuals and from infected molts. Two sets of experiments were carried out: dispersal from infected Daphnia individuals and dispersal from infected molts. Daphnia pulicaria individuals were collected with a 40-m net on 31 August 1999 for both experiments. Sixty-two highly infected individuals were visually selected and analyzed for size and epibiont burden, defined as the number of epibionts on a substrate organism ). The chlorangioid burden was assessed by ranking individuals on a scale of 0-5 (0 ϭ no epibionts present and 5 ϭ extremely heavy infestation). The ankyroid-adult burden was ranked as follows: 0, no cells present; 1, 1-50 cells; 2, 50-100 cells; 3, 100-200 cells; 4, 200-500 cells; and 5, Ͼ 500 cells.
Two series of experiments were done with infected individuals. Daphnia individuals graze zoospores (Barea-Arco et al. 2001) , thus diminishing the number of dispersed zoospores recorded in the experiments. Therefore, two series of experiments were performed: short-term experiments, where Daphnia was not able to consume many zoospores, and long-term experiments, where Daphnia consumed more zoospores:
1. Short-term experiments. Within 6 h of collection, 14 highly infected individuals were selected and placed individually on a depression slide with a small volume of water during a time period of between 5 and 15 min. A drop of Lugol's solution was then added to the slide, the D. pulicaria individual was removed, and the zoospores and cysts dispersed from the animal during this period were counted under a Leitz inverted microscope. The 14 experimental animals were observed under the microscope to establish their hypodermal retraction stages and to determine the relative amount of time elapsed since last molting (Willey and Threlkeld 1995 highly infected individuals were selected and individually placed in a 100-mL tube filled with 50 mL of filtered and autoclaved lake water. Individuals were kept for 0.5, 1, 6, and 12 h, with 12 individuals per experimental time. At the end of the experimental time, Lugol's solution was added to the tubes. The experimental animals were removed and observed under the microscope for their burden and hypodermal retraction stage. The zoospores and cysts dispersed from the animals were counted using the Utermöhl (1958) technique. Analysis of variance (ANOVA) was used to examine differences in number of zoospores and cysts produced by molting and nonmolting animals in both short-term and long-term experiments.
For experiments using infected molts, approximately 100 highly infected individuals were selected and randomly distributed into four beakers filled with 500 mL of filtered and autoclaved lake water. The animals were continuously observed, and the molts were immediately removed when discarded. A total of 41 molts was selected, individually placed in a tube filled with 50 mL of filtered and autoclaved lake water, and kept for 0.5, 1, 6, and 12 h, with 6-12 molts per experimental time. Lugol's solution was then added to the tube, and the zoospores and cysts that had dispersed from the molts were counted using the Utermöhl technique. Cysts remaining on the molts were also counted and added to the total number of cysts produced.
Colonization experiments. The aim of the experiments was to examine the possibility and time of colonization of uninfected individuals by infected individuals and by infected molts. Two sets of experiments were carried out: colonization from infected individuals and colonization from infected molts.
Colonization from infected individuals was assessed using D. pulicaria individuals collected from Río Seco Lake with a 40-m net on 20 August 1999. They were kept in the laboratory in filtered and autoclaved lake water, at 16 Њ C and a light:dark period of 15:9 h. The green alga Dictyosphaerium chlorelloides , isolated from Sierra Nevada lakes and cultured in Z8 medium (Skulberg and Skulberg 1990 ) in continuous culture, was used as food for the animals and added as needed to avoid depletion below the incipient limiting concentration, which is the food concentration below which animals are food limited (Geller 1975) . The water was replaced every 2 days. The animals habitually lose the epibiont infection after 5-10 days under these conditions. On 8 September, 38 of these uninfected individuals were selected under the microscope. In addition, on 8 September D. pulicaria individuals were collected from Río Seco Lake with a 40-m net and 38 highly infected individuals were visually selected. Thirty-eight pairs of animals were formed, comprising one infected animal and one uninfected animal. Each pair was individually placed in a tube filled with 50 mL of filtered and autoclaved lake water. The uninfected animals of each pair were examined for chlorangioid and ankyroid infection under the microscope at 4, 8, 12, and 16 h after the start of the experiment.
Colonization from infected molts was assessed using D. pulicaria individuals collected from Río Seco Lake with a 40-m net on 8 September 1999. Within 4 h of collection, approximately 400 highly infected individuals were selected and randomly distributed in four beakers filled with filtered and autoclaved lake water. Animals were continuously observed to identify those animals that were discarding their molts. Once the molt was discarded, both the recently molted animal and its molt were immediately removed from the beaker and kept separately in a beaker. The recently molted animal was narcotized and examined under the microscope to ensure that it was uninfected. When 8-10 animals and their molts were collected, they were placed together in 1 L of filtered and autoclaved lake water. A total of 16 beakers with 8-10 uninfected animals and their infected molts was obtained and incubated for 0.5, 1, 2, or 4 h, with four beakers per experimental time. The animals were then removed, fixed with Lugol's solution, and examined for chlorangioid and ankyroid infection under the microscope.
results
Field substrate prevalence and density. The mean annual epibiont prevalence on D. pulicaria was above 80% for both years studied. The mean daily prevalence was positively correlated with the mean daily density of Daphnia when data for both years were combined (Fig. 1) . The relationship fit a Michaelis-Menten curvilinear model (see Materials and Methods) with a steep slope for an increase in daphnid density from 0 to approximately 1.5-2.0 indiv ؒ L Ϫ 1 and a reduced slope from this point on. Piece-wise linear regression showed a breakpoint at 77.4% prevalence, which corresponded to a Daphnia density of 1.84 indiv ؒ L Ϫ 1 .
Microscopic observations of zoospore dispersal. The attached stages of the epibiont were limited to the duration of the crustacean intermolt period (Fig. 2a) . From the in vivo observation of recently discarded molts, we realized that most of the adult epibionts (Fig. 2b ) produced zoospores on a massive scale (Fig. 2, c and e) and that some of them produced cysts (Fig. 2d) . The release of zoospores or cysts from adults was very rapid and took only a few minutes to complete. Zoospore liberation was more rapid than cyst liberation. Some cysts remained on the molt. We also observed the detachment from discarded molts of chlorangioids, which became motile zoospores. We never observed the reattachment of these new zoospores to the molt. After a few hours, the molts were almost free of chlorangioids and adults. Zoospores released from infected animals were also observed. However, we never observed detachment of ankyroids or adults.
Experiments on dispersal from infected individuals. All the animals collected for the experiments were adult females with a mean size of 1844 Ϯ 25 m (mean Ϯ s x ) and a chlorangioid and adult burden of 1.72 Ϯ 0.09 and 3.79 Ϯ 0.11, respectively.
Six of the 14 animals observed in the short-term experiments under the microscope were molting (their old castskin was being discarded) or close to molting at the time of the experiment. A visible double carapace (Fig. 2e) identified the animals that were close to molting and were at hypodermal retraction stage 4 (Willey and Threlkeld 1995) . These six animals yielded a significantly higher number of zoospores than did the eight nonmolting animals (Table 1 ; ANOVA: F ϭ 26.93, df error ϭ 12, P Ͻ0.001).
Eleven of the 43 animals analyzed for the longterm experiments were close to molting (stage 4) during the experimental period, although the molt was not completed. The production of zoospores and cysts per minute by molting animals was significantly higher than that by nonmolting ones (Table 1 ; ANOVA, zoospores: F ϭ 29.31, df error ϭ 41, P Ͻ 0.001; cysts: F ϭ 15.71, df error ϭ 41, P Ͻ 0.001). More zoospores than cysts were produced.
Experiments on dispersal from infected molts. The production of zoospores from recently discarded molts decreased with the time elapsed since the molt (Table 2 ). In contrast, the production of cysts increased after the molt and reached maximum levels at 60 min, after which time there was a decrease. As in the long-term experiments, the production of zoospores was higher than that of cysts.
Epibiont colonization experiments. The experiments showed that the epibiont colonization of an uninfected individual can occur via zoospores from an infected individual or from an infected molt. Infection occurs rapidly, irrespective of zoospore source, although it seems to be quicker from molts (Fig. 3) . The time course of the percentage of individuals with ankyroids was similar to that of individuals with chlorangioids, indicating that the formation of ankyroids was very rapid, with the chlorangioids taking less than 1 h to divide. The colonization rate was rapid from infected molts during the first 30 min but then slowed, whereas colonization rate from infected animals showed a relatively constant value. discussion Epibiont dispersal. Epibionts can detach from substrate castskin before molting, at molt time, or after molting. For instance, Colacium spp. detach and become motile from the discarded molt (Killen et al. 1984 ) and the diatom Synedra cyclopum Brutschy is shed along with the molt (Allen et al. 1993) , whereas peritrich ciliates can anticipate the crustacean molt and detach just before it (Green 1974 , Vacchiano et al. 1992 , Weissman et al. 1993 . Our experiments show that K. gracilipes zoospores can abandon the substrate organism before, after, or during molting, although the number of zoospores released and/or detached from D. pulicaria is much higher just before molt (Tables 1 and 2 ). Thus, K. gracilipes seems to respond when molt is imminent and to become motile before it occurs.
The lower number of zoospores dispersed from infected individuals in the long-term experiments compared with short-term experiments (Table 1) was probably due to the losses of zoospores by Daphnia grazing during the long-term experiments (see Materials and Methods). Thus, the production of zoospores per minute of molting animals in the short-term experiments is probably closer to the real production rate. Zoospore dispersal from infected molts mainly occurred in the first few minutes after the molt was discarded (Table 2) , although the production rate was significant lower than that immediately before ecdysis. Thus, the time course of zoospore dispersal can be summarized as follows: a very low production during the intermolt period, a massive release immediately before ecdysis, and an intermediate production in the first few minutes after the molt is discarded (Fig. 4) . Two favorable consequences for the epibiont probably derive from this strategy. First, it allows the epibiont to grow during the intermolt period and to be released during ecdysis, thus facilitating its reattachment to the previous substrate organism or to a neighboring one. For instance, Weissman et al. (1993) observed that ciliates which detached from copepod molts readily reattached to the newly molted animals. Second, it avoids the epibiont sinking with the molt, far from potential substrate organisms.
The production of cysts is minimal during the intermolt period, relatively low during molt, and reaches maximal values immediately after the molt is discarded (Fig. 4) . This allows the cysts to sink with the molt, distancing themselves from predators, and increasing their probabilities of reaching the bottom for the overwinter period. Moreover, some of the cysts remain attached to the molt, which facilitates their withdrawal from predators and their sinking to the bottom.
Thus, the time course of zoospores and cysts released from D. pulicaria individuals appears to be completely consistent with the functional role of these forms in the life history of K. gracilipes, because epibiont persistence in the lake greatly depends on an efficient dispersal strategy. The precise synchronization between the production of zoospores and cysts and the molting time of Daphnia suggests that K. gracilipes is able to detect the imminent onset of ecdysis. The epibionts may possibly respond to a chemical or mechanical signal (i.e. production of ecdysone or hypodermal retraction) to detach or release zoospores, although we have no evidence of this.
Epibiont colonization. Colonization by zoospores is possible from an infected Daphnia and from an infected molt. Once detached or released, zoospores must rapidly find a substrate surface to attach to, because freeswimming zoospores are vulnerable to predation by Daphnia (Barea-Arco et al. 2001 ). This rapid attach- In the long-term experiments, the mean was estimated on all the animals, irrespective of experimental time. Table 2 . Zoospores per minute released from infected molts during the dispersal experiment 0.5, 1, 6, and 12 h after molts were discarded. ment is verified in our experiments in which uninfected animals became infected within a few hours after contact with a zoospore source (Fig. 3) . Colonization from an infected molt seems to be faster than that from an infected animal, probably because the number of zoospores detached or released from infected molts was higher than that from infected nonmolting animals (Tables 1 and 2). The decreased colonization rate from molts after the first 30 min was probably due to the significant decrease in the rate of zoospore production after the discarding of the molt (Fig. 4, Table 2 ).
Colonization in field animals is probably very efficient considering the high epibiont prevalence on Daphnia observed in the lake. The steep slope of the saturation curve (Fig. 1) indicates a considerable increase in prevalence with an increase in substrate density from 0 to approximately 1.5-2.0 indivؒL Ϫ1 , from which point the prevalence is maximum. Aggregates of daphnids are observed in the lake at these higher densities (Ͼ1.5-2.0 indivؒL Ϫ1 ) (Barea-Arco et al. 2001 ). This finding suggests that the patchiness of Daphnia will considerably facilitate substrate colonization by increasing the encounter rate between epibiont and host. The gregarious behavior of benthic crustaceans has been shown to facilitate their epibiont growth (Conover 1979) , and this phenomenon has already been proposed for epibionts on zooplankton populations Willey 1993, Al-Dhaheri and Willey 1996) . We hypothesized that the massive release and detachment of zoospores during Daphnia molt is the main mechanism responsible for the coincident aggregates of Daphnia and zoospore densities in the lake. As Daphnia density increases within an aggregate, the number of molting Daphnia releasing zoospores also increases. Thus, the zoospores released by a molting Daphnia within a patch should promptly find a substrate to attach to, either the previous substrate or a neighboring one. Thus, the aggregative behavior of Daphnia would greatly contribute to the efficient dispersal, colonization, and growth of K. gracilipes in Río Seco Lake and may, at least in part, explain why this taxon is so common on D. pulicaria.
A sensory response to chemoattractants released by their hosts has been shown for flagellate parasites of algae (Kühn 1997) and suggested for flagellate epibionts on zooplankton (Xu and Burns 1991 , Al-Dhaheri and Willey 1996 . This may also be the case with K. gracilipes zoospores on Daphnia, thus contributing to the success of the epibiont colonization.
Our data suggest that dispersal and colonization of K. gracilipes are highly efficient on D. pulicaria due to temporal synchronization of the production of propagules (zoospores and cysts) with the molting process in Daphnia. These dispersal and colonization mechanisms suggest an evolutionary response of K. gracilipes to adapt its life history and population dynamics to D. pulicaria.
